. Aerosol measurements have been carried out in the past over Durban; however, no cloud measurements using LIDAR have ever been performed. Therefore, this study further motivates the continuation of LIDAR for atmospheric research over Durban. Low level clouds were observed on 20-22 November 2012 and high level clouds were observed on 23 November 2012. The low level cloud could be classified as stratocumulus clouds, whereas the high level clouds could be classified as cirrus clouds. Low level cloud layers showed high extinction coefficients values ranging between 0.0009 and 0.0044 m −1 , whereas low extinction coefficients for high level clouds were observed at values ranging between 0.000001 and 0.000002 m −1 . Optical depth showed a high variability for 20 and 21 November 2012. This indicates a change in the composition and/or thickness of the cloud. For 22 and 23 November 2012, almost similar values of optical depth were observed. Cloud-Aerosol LIDAR and Infrared Pathfinder Satellite Observations (CALIPSO) revealed high level clouds while the CSIR LIDAR could not. However, the two instruments complement each other well to describe the cloudy condition.
Introduction
The detection of clouds in satellite imagery has a number of important applications in weather and climate studies [1] . In atmospheric remote sensing, cloud detection is an important step for the inversion of the parameters in the atmosphere such as temperature, humidity, and sea surface temperature to name a few [2] . Equally important in sensed image processing, cloud detection is an important foundation for many applications such as forest fires detection, environmental pollution, and waterbody monitoring [3] . The National Aeronautics and Space Administration (NASA) has a constellation of satellites called the A-Train which has passive and active sensors specifically dedicated to the study of aerosol and cloud properties from a three-dimensional perspective, exploiting simultaneous and collocated multisensor observations [4] . The A-Train satellites include the Aqua satellite with its Moderate Resolution Imaging Spectroradiometer (MODIS, http://modis-atmos.gsfc.nasa.gov/), CloudSat with its Cloud Profiling Radar (CPR, http://cloudsat.atmos.colostate.edu/), and the Cloud-Aerosol LIDAR and Infrared Pathfinder Satellite Observations (CALIPSO); all these instruments can be used to study clouds [5] . Space-based observations have the advantage of providing global spatial coverage but they do not have sufficient temporal coverage to study many atmospheric processes [6] . Ground-based observations are necessary for the long-term monitoring of atmospheric parameters that cannot be observed from available satellite-borne sensors [6] . Ground-based instruments such as sun-photometers make direct sun measurements at several wavelengths in the range between 340 and 1020 nm, with a 1.2 ∘ full field of view (FOV) which takes about 8 s to scan all wavelengths using a filter wheel [7] . Ground-based radars are also used to detect and study different clouds. For example, Hollars et al. [8] used a radar system for the retrievals of cloud-top heights from the Atmospheric Radiation Measurement (ARM) 35 GHz Millimeter Wave Cloud Radar and compared it to those 2 Advances in Meteorology from the Geostationary Meteorological Satellite-(GMS-) 5. Similar to ARM systems, the Light Detection And Ranging (LIDAR) with high sensitivity and high temporal coverage can be used for studying clouds [9] . LIDAR retrieval of atmospheric parameters is an effective tool to characterise the time and spatial evolution of the atmospheric boundary layers as well as to investigate the physics properties of the cloud composing particle [10] . A laser ceilometer is another type of a ground-based instrument that can be used to determine the height of a cloud base, cloud cover, and cloud vertical structure [11] . A laser ceilometer has a similar type of setup as the LIDAR; it consists of a vertically pointing laser and a receiver at the same location. Many studies and observations of clouds have been made around the world using various instruments. However, in South Africa, only a few studies of this nature have been carried out using a transportable LIDAR system. Transportable LIDAR systems have an advantage over static systems as they can be moved to the desired locations where measurements are to be carried out.
For South Africa, it was found that the country could be divided into three climatic regions: the subtropical wet, the subtropical dry, and the arid. The subtropical wet region is characterised by hot summer temperatures and fully humid conditions; this is observed in the eastern parts of South Africa. The subtropical dry regions are observed in the northern parts of South Africa and are characterised by warm temperatures during dry summers. The arid region is observed in the western part of South Africa and is characterised by high temperatures [12] . However, a full description of the division of climatic areas is defined by Köppen-Geiger climate classification [13] . Figure 1 shows the different climatic regions found in South Africa (http://koeppen-geiger.vu-wien.ac.at/present.htm). The Köppen-Geiger climate classification is divided into three zones: (1) the main climatic zone, (2) precipitation, and (3) temperature. The colour scheme on the map indicates a combination of the three zones which gives a description of the climatic condition of the area. From the regions mentioned, the subtropical wet region offered the best location for our cloud studies as it is humid and allows for a higher chance of cloud formation. Durban (29.9 ∘ S, 30.9 ∘ E) was the city chosen as it met all the requirements. Moreover, there were no cloud measurements reported using the LIDAR system. The campaign measurements performed at Durban are to understand the aerosol-cloud interaction later. The particular site had a fixed LIDAR system at the University of KwaZuluNatal but it is currently not operational. Moorgawa et al. [14] have made initial results on aerosols over Durban but there were no cloud measurements reported using such LIDAR. Thus, the present study further motivates the continuation of LIDAR for atmospheric research over Durban.
In this study, the CSIR transportable LIDAR system and CALIPSO were used for observing cloud structure and studying its properties. In this paper, we discuss the campaign measurements conducted in Durban, South Africa, during the end of the spring season. We show the type of clouds that were observed from 20 to 23 November 2012. In Section 2, a description of the experimental site is given. The instruments, methodology, and results are discussed in Sections 3, 4, and 5, respectively. Conclusions are then given in Section 6.
Experimental Site
Durban is the largest urban city in the South African province of KwaZulu-Natal and its time zone is UTC+02:00. It is situated at the south-east of South Africa and it is bound to the east by the Indian Ocean (see Figure 1) . The city has a subtropical climate and experiences four seasons which are summer (December-February), autumn (March-May), winter (June-August), and spring (September-November). The rainy season is during late November through December and may extend to January. beam with the receiver field of view [16] . The LIDAR system has been mounted in a transportable platform with a special shock absorber frame to maximize stability [16, 17] . Figure 2 shows the layout of the experiment with the three main sections of the LIDAR system, namely, the transmission, receiver, and data acquisition sections. Specifications of the CSIR LIDAR system are shown in Table 1 . More details about the LIDAR can be found in an earlier article on system characteristics by Sharma et al. [17] .
Instruments

CALIPSO. The Cloud-Aerosol LIDAR and Infrared
Pathfinder Satellite Observations (CALIPSO) can provide information about the thickness of clouds and can determine the height and types of aerosols. CALIPSO consists of three coaligned nadir-viewing instruments: the CloudAerosol LIDAR with Orthogonal Polarization (CALIOP), the Imaging Infrared Radiometer (IIR), and the Wide Field Camera (WFC). CALIOP is a sensitive LIDAR that provides high-resolution vertical profiles of aerosols and clouds. CALIOP products can be separated into two levels: (a) level 1 products are composed of calibrated and geolocated profiles of the attenuated backscatter returned signal and (b) level 2 products which are derived from level 1 products and are classified in three types: layer products, profile products, and vertical feature mask [18] . The CALIOP is sensitive to the presence of thin cloud layers and its range resolution of 333 m can identify small boundary layer clouds, especially in the absence of optically thick high clouds where low clouds most dramatically impact the fluxes of shortwave radiation [19] . Table 1 shows the specifications of the CALIPSO.
Data Analysis and Methodology
The LIDAR measurements were carried out from 20 November 2012 to 23 November 2012. The time duration of measurements depended on the weather situation for that day. For example, on 20 November 2012, the measurements were carried out from 10:59 local time to around 15:50 when it started to drizzle; the measurements were then discontinued. The weather varied for the different days of the measurements. The backscatter signals were collected and their intensities measured. In general, the received signal intensity is described in terms of the LIDAR equation as given by Bangia et al. [20, 21] ;
where is the transmitted laser power in terms of photon counts at 532 nm, is the velocity of light, is the pulse duration, is the effective system receiver area, ( ) is the backscattering coefficient, 1/ 2 is the range dependence factor that accounts for the decrease in solid angle subtended with the square of the range, and
is the integrated two-way extinction of the signal as it propagates from the instrument to the scattering volume at range and returns back. The method mostly used for inverting elastic LIDAR returns is the backward inversion method. The Klett inversion requires an input value of the extinction coefficient at the far boundary of the LIDAR range. This boundary value can be measured or assumed.
The backscattering and extinction coefficients are given by contribution of both aerosols and molecules and are expressed as
where subscripts (aer) and (mol) indicate aerosols and molecules, respectively. Molecular contributions were calculated using data from CIRA 1986 standard atmosphere model [20, 21] . The molecular backscatter coefficient mol ( ) is estimated by considering the theoretical molecular LIDAR ratio mol = mol / mol as (8 /3) , under the condition of zero molecular absorption [20, 21] . The backward inversion method followed is same as earlier research by Bangia et al. [20, 21] . The total backscatter coefficients are derived from the backward inversion method and can be expressed as [20, 21] 
where ( ) is the range normalized signal given by ( ) 2 and is the reference height. One advantage of using the backward inversion method is that when we start integrating from the far end of the LIDAR sounding path, we can avoid producing negative values of aer ( ) [22] . For more details, the reader may refer to Bangia et al. [20, 21] .
Aerosol optical depth (AOD) is calculated by integrating the extinction coefficient from cloud base to its top [23] .
where is the cloud top, is the cloud base, and ( ) is the aerosol extinction coefficient. Figure 4 (b)), multilayered clouds were also observed. Thin cloud layers at 600, 700, and 800 m were observed from the extinction coefficient profiles which were not so visible in Figure 4 Durban (see Figure 5 ) using equation (4) . On 20 November 2012, an overall increase of the AOD was observed from the morning (10:59) to the afternoon (15:40) from 0.35 to 0.6 (see Figure 5 (a)). On 21 November 2012, a similar trend was also observed with AOD increasing from 0.3 to 1 (see Figure 5(b) ). However, on 22 November 2012, a small change in AOD was observed from 0.1 to 0.15 (see Figure 5 (c)). Platt et al. [25] mentioned that the change in optical depth depends on the nature of composition and the thickness of the cloud. However, on 23 November 2012, a steady AOD value of ∼0.02 was observed (see Figure 5 (d)).
Results and Discussion
CSIR LIDAR
Cirrus Clouds Observed on 23 November 2012.
Throughout the campaign, cirrus clouds were only observed on 23 November 2012. Most of the clouds are found between the heights of 5.5 km and 12.5 km, with height range thicknesses spanning 1.8-3.1 km; see Figure 6 . Sassen et al. [26] and Jensen et al. [27] have ascribed the outflows from cumulonimbus anvils to the formation of thick cirrus clouds to mid and high altitudes. These type of clouds arise due to the vertical mixing of air from the entrainment and detrainment. It has been previously suggested that the ice water gradient is largely destroyed due to sturdy mixing by the strong cloud circulation [28] . The optical properties of this cloud were compared to cirrus clouds observed in the southern hemisphere; see Table 2 . From the reported cirrus clouds in Table 2 , it can be seen that the cirrus clouds over Durban had the lowest cloud height base of 5.5 km. These are very low cirrus clouds but over time they were found to disappear. However, the average cloud thickness is similar to that observed by Lakkis et al. [10] . This correlation does somehow suggest that the cirrus cloud properties may depend on climate conditions and geographical location. However, a more wider climatological study needs to be carried out to confirm the dependence of climate conditions and geographical location. . However, it has illustrated the presence of clouds at 8-13 km with a thickness of ∼3 km; these clouds were not observed by the CSIR LIDAR system. This suggests that the thick cloud observed by the CSIR LIDAR caused most of the photons of the laser to be absorbed and thus a few photons penetrating through the cloud. As a result, these few photons could not detect the clouds at those heights as they could have been scattered or absorbed along the way. On 22 November 2012, a similar cloud at a height of 8-13 km was observed. However, on this day, a layer of cloud was observed at the height of ∼4.5 km by the CALIPSO. The CSIR LIDAR gives a better description of the atmospheric conditions in the first few kilometers of the troposphere for cloudy conditions whereas the CALIPSO gives better information at the top of the troposphere. Further, it indirectly also addresses the strength of the signal which is higher at lower heights (as it is penetrating upward) while the satellite data looks downward where the signal strength is higher at the top. Thus, the two instruments complement each other to give a description of clouds in the troposphere even for cloudy conditions.
CALIPSO and CSIR LIDAR
The mean extinction coefficient profiles from the CALIPSO level 2 aerosol product are shown in Figure 8 . On 20 November 2012, the highest value of extinction coefficient of ∼0.08 km −1 was observed at a height of about 5 km (see Figure 8(a) ). From Figure 8 (a), this indicates the presence of a thin cloud at that altitude. High level clouds at the heights of 6-11 km were observed from the extinction coefficient data. However, on the lower part of the troposphere, a thick single layer of cloud at around 1.8 km was observed. It can also be observed that different layers of clouds were present at different altitudes from 1.8 km to 11 km. These, however, were not so clear in Figures 3(a) and 3(c) . The negative extinction coefficient values are found to be noise in the CALIPSO signal when aerosol loading is low and background noise is high. On 22 November 2012, the extinction coefficient profile showed the presence of a thick cloud at around 3 km (see Figure 7 (b)) while the aerosol layer was observed at about 1.5 km. However, no extinction coefficients were observed at high altitudes indicating the absence of clouds.
Conclusion
Campaign measurements over Durban (29.9 ∘ S, 30.9 ∘ E) have been carried out due to favourable meteorological conditions for cloud formations and to perform aerosol-cloud interactions studies in future. Clouds over Durban (29.9 ∘ S, 30.9 ∘ E) during the spring (early summer) season were observed using a transportable LIDAR system. Cloud layers on the lower atmosphere were observed on 20-22 November 2012 while high level clouds were observed on 23 November 2012. The low level cloud layers have high extinction coefficients values ranging from 0.0009 to 0.0044 m −1 , whereas low extinction coefficients for high level clouds were observed at values ranging between 0.000001 and 0.000002 m −1 . The vast difference in the extinction coefficient suggests that there are remarkable differences in optical characteristics between low and high level clouds. The high level clouds could be classified as cirrus clouds based on the altitude they were detected at. The calculated AOD showed a high variability for 20 and 21 November 2012. This indicates a change in the composition and/or thickness of the cloud. However, a constant value of the optical depth on 23 November suggested a static cloud composition and/or thickness. Comparable LIDAR and CALIPSO data was available on 20 and 22 November 2012 and indicated that the CALIPSO could observe highlevel clouds while the CSIR LIDAR could not. However, the two instruments complement each other well to describe the cloudy condition.
